The effect of halothane on renal cortical blood flow (RCBF) has been investigated using the krypton 85 clearance technique, in seven dogs at normal arterial pressure, and in eight dogs at pressures of 100 mm Hg produced by bleeding. Halothane 0.5 per cent caused small and variable changes in RCBF in the normotensive animals. In the hypotensive animals, halothane 0.5 per cent caused a marked rise in RCBF. It is concluded that in the shocked dog, halothane reduces or abolishes the effects of renal sympathetic vasoconstriction, thus allowing renal blood flow to increase towards normotensive values.
The effect of halothane on renal blood flow in the normotensive state has been investigated by several authors. Investigations using the PAH technique showed varying falls in renal plasma flow with varying concentrations of halothane, and the only study using an electromagnetic flowmeter showed a marked rise in total renal blood flow (table I) . Investigations into the effect of halothane on renal function in the shocked animal are shown in table II.
It was considered important to investigate further the effect of halothane on renal cortical blood flow under controlled conditions of ventilation. This paper presents the results of administering 0.5 per cent halothane to seven dogs in the normotensive state, and to eights dogs during haemorrhagic hypotension at pressures of 100 mm Hg produced by bleeding. This latter state will be referred to in the text as "hypotensive".
METHOD
The technique used was that described by Bell and Harper (1965) using the radioactive isotope krypton 85 to measure renal cortical blood flow (RCBF) ( fig. 1 ). The isotope is injected into the renal artery at a sufficient rate to maintain a constant radioactive level over 1£-2 minutes and thus to allow equilibrium to take place between the blood and the kidney tissue. Krypton is almost completely cleared from venous blood as it passes through the lungs and there is very little arterial recirculation. Thus, when the injection is stopped, fresh krypton-free blood will cause washout of krypton from the kidney tissue and the rate of this wash-out will be a measure of the renal cortical flow. This wash-out can be measured by a Geiger-Muller tube placed over the exposed kidney and connected to a ratemeter and directwriting pen recorder. Beta-particle emission from the surface of the kidney will thus be recorded and as beta-particles have a maximum range in tissue of 2 mm and an average range of 0.7 mm (Harper, Glass and Glover, 1961 ) the clearance obtained should represent blood flow in the superficial layers of the renal cortex. The clearance curve obtained ( fig. 2 ) is plotted on semilogarithmic paper and a line is fitted ( fig. 3 ). The half-time clearance of isotope from the renal cortex is measured, and the renal cortical blood flow can then be calculated:
where A is the partition coefficient for krypton for kidney tissue and blood (0.96 at a haematocrit of 50; Bell and Harper, 1965) , and Ti is the halftime clearance of the isotope from the renal cortex. This calculation gives the flow in ml/g/min.
Values for X were corrected for variations in haematocrit occurring during each experiment.
A. G. MACDONALD, M.B., CH.B., F.F.A.R.C.S., University Department of Anaesthesia (Western Infirmary), Glasgow. The semi-logarithmic plot of a krypton 85 clearance curve. The half-time clearance (T£) is 12.5 sec, and the renal cortical blood flow (RCBF) is 3.15 ml/g/min.
PROCEDURE
Mongrel dogs were anaesthetized with thiopentone, intubated, and ventilated with nitrous oxide and oxygen using a Palmer pump to maintain normocapnia (35^0 mm Hg). Suxamethonium 100 mg was administered i.m. hourly. In the hypotensive experiments, heparin 5000 u was given i.v. ten minutes prior to haemorrhage. Naso-pharyngeal and peri-renal temperatures were monitored and heat lamps were used to maintain normal body temperature. The right brachial artery was cannulated and connected to a mercury manometer for recording mean arterial blood pressure (MABP) and to provide arterial blood samples for blood gas analysis. The right femoral artery was cannulated and connected to a reservoir to allow controlled haemorrhage: this reservoir contained dextran 400 ml and heparin 5000 u and it was maintained at 37 °C in a water bath. A slow intravenous infusion of normal saline was given into the left femoral vein for drug administration. The kidney was exposed through a left flank incision and was allowed to remain largely covered by loops of small bowel to reduce heat loss from the kidney; the exposed part was covered with a thin polyester membrane (ICI Melinex 6^) to prevent drying of the surface. A thin lead shield with a 1 cm diameter hole was placed over the cortex to exclude radiation from the surrounding tissues ( fig. 4 ). Beta-radiation was measured by an end-window Geiger-Muller counter and an Ekco ratemeter, and the clearance curve was displayed on a Honeywell direct-writing pen recorder.
A No. 6 cardiac catheter was introduced into the left femoral artery. In order to achieve accurate positioning of the tip of the catheter, krypton 85 was injected at a slow constant rate while the catheter was advanced up the aorta. As soon as the catheter tip was opposite the left renal artery,
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FIG. 4
Krypton 85 clearance technique. Thin lead shield over kidney cortex to exclude radiation from surrounding tissues.
the ratemeter immediately indicated beta-emission from the renal cortex. At this position the catheter was secured at the groin and no further adjustment of its position was necessary. .Krypton 85 was then injected through the cardiac catheter at a rate sufficient to allow the counts from the exposed cortex to be held approximately constant over H-2 min and the injection was then stopped.
In all experiments, control measurements of flow were not made until at least one and a half hours after the injection of thiopentone, in order to eliminate residual barbiturate effects. Four or five control measurements were then made over a period of 30-45 minutes. With each flow measurement mean arterial blood pressure (MABP), tidal volume, and naso-pharyngeal and peri-renal temperatures were recorded. Arterial blood samples were withdrawn at every flow measurement or at 10-15 minute intervals, for pH, Pco 2 , Po 2 , base excess, and pcv estimations; all blood gas values were corrected for temperature; in some experiments, control of ventilation was further facilitated by monitoring end-tidal carbon dioxide concentration on an infra-red analyser (Capnograph).
In the normotensive experiments, after the control period, halothane 0.5 per cent was administered for 30-45 minutes and flow measurements were made every 5-10 minutes. Halothane was then discontinued, and further flows were recorded over 45 minutes.
In the hypotensive experiments, following the initial control period, the animals were bled by increments of 50-100 ml over 30 minutes until the MABP was maintained steady at 100 mm Hg. After further control measurements in this shocked state, halothane 0.5 per cent was administered, and blood was retransfused, so as to maintain MABP at 100 mm Hg. Flow measurements were then recorded over the next 30 minutes and the reservoir level was noted at each flow. Halothane was then discontinued. Further flows were recorded for another 30-45 minutes.
Ventilation was altered to produce normal and stable blood gas values. Any deviations from these values were corrected before recording further flow measurements.
Nasopharyngeal and peri-renal temperatures were maintained within the range 36.5-38.5 °C.
RESULTS
The effect of halothane in the normotensive dog. Tables HI, IV and V show the effect of 0.5 per cent halothane on renal cortical blood flow (RCBF), mean arterial blood pressure (MABP) and renal vascular resistance (RVR) respectively, in the seven individual experiments. RVR was calculated by dividing MABP by the RCBF, units of RVR being mm Hg/ml/g/min. Mean values for each animal are given for the control period, and for the periods during and after halothane administration. Table VI summarizes the mean values and standard deviations of RCBF, MABP and RVR for the normotensive series. Halothane produced no significant change in RCBF, MABP or RVR. Figure 5 shows the effect of halothane in the seven individual experiments. In four, there was a slight fall in RCBF, in two there was a slight rise, and in one there was virtually no change. There were no significant differences in blood gases and temperature between the control period and the halothane administration period (table  XI) . There is no evidence to show that the minor fall in pH would affect RCBF. The effect of halothane in the hypotensive dog. Tables VII, VIII and IX show the effect of 0.5 per cent halothane on RCBF, MABP and RVR respectively in the eight individual experiments. Mean values for each animal are given for the control period, for the •period following bleeding to 100 mm Hg, and for the periods during and after halothane administration at a maintained MABP of 100 mm Hg. Table X summarizes the mean values and standard deviations for this hypotensive series.
There was a highly significant (P<0.001) fall in RCBF following haemorrhagic hypotension. There was then a highly significant (P<0.001) rise following halothane administration and a significant (P<0.05) fall after discontinuance of halothane.
The MABP fell from the average control value of 143 mm Hg to 101 mm Hg following haemorrhage. There was no significant difference in the MABP between this control hypotensive period and the periods during and after halothane administration, as blood was retransfused during halothane administration to prevent MABP falling further.
There was a highly significant (P<0.001) rise in RVR following haemorrhage, and a significant (P<0.005) fall during halothane administration. There was then a significant (P<0.05) rise in RVR after halothane was discontinued. There was no significant variation in blood gases and temperatures between any of the periods (table XII) . There was a gradual and minor fall in pH as in the normotensive experiments (table XI). The average blood volume removed during haemorrhage was 425 ml (range 300-650 ml) and the average volume retransfused during halothane administration in order to maintain MABP at 100 mm Hg was 155 ml (range 100-240 ml). Figure 6 records the effect of halothane on RCBF in the eight hypotensive experiments, showing for each individual experiment the mean changes for the control period, that after haemor- 
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Time in Hours   FIG. 7 The effect of 0.5 per cent halothane on renal cortical blood flow (ml/g/min vertical axis) in a dog bled to a mean arterial blood pressure of 100 mm Hg. The figures shown represent the mean arterial blood pressure at each flow. The fall in flow following haemorrhage, and the subsequent improvement during halothane administration is shown.
rhage, and those during and after halothane administration. The average of the mean values during each period is expressed on the graph as a percentage of the initial normotensive control. Figure 7 shows one of the hypotensive experiments. The numerals represent the MABP at each flow measurement. RCBF was approximately halved after haemorrhage sufficient for MABP to fall to approximately 100 mm Hg and the administration of halothane then caused a return of blood flow to the control value, while MABP was maintained at 100 mm Hg by retransfusion. The flow began to fall again when halothane was discontinued.
DISCUSSION
The values obtained with the radio-isotope clearance technique used in this study compare favourably with those from previous studies using the para-aminohippuric acid clearance (PAH) technique. The present results, however, cannot reasonably be compared with flowmeter studies in which ventilation was not controlled.
The possibility of regional differences in cortical perfusion, using the krypton 85 beta-particle clearance technique, has been reviewed by Sejrsen (1967) , particularly with regard to the error introduced by inter-compartmental exchange of the isotope by diffusion between different layers of tissues. He noted the fairly low values obtained for renal cortical blood flow using this technique. The absolute values presented here will therefore be lower than expected as a result of this diffusion error and, as the error becomes greater at slow perfusion rates, the differences may not be absolutely correct, but the directions of change will be the same. Blackmore and associates (1960) , using the PAH technique as an index of effective renal plasma flow, showed a significant fall in flow in dogs breathing spontaneously 2 per cent halothane in oxygen. This was accompanied by a similar reduction in mean systolic pressure. They also reported that if the halothane concentration was reduced to 1.5 per cent the renal plasma flow and arterial blood pressure returned to within the control range. Mazze and associates (1963) and Barry, Mazze and Schwartz (1964) reported considerable falls in renal plasma flow with varying concentrations of halothane, together with inconsistent falls in pressure. Litarczek and associates (1965) showed a similar fall in man. Deutsch and colleagues (1966) found a fall in renal plasma flow in dogs whose ventilation was assisted to maintain Pa CO2 below 45 mm Hg. Collins and Fabian (1965) used an electromagnetic flowmeter to study renal blood flow in dogs, and reported a marked increase to 163 per cent of the control value, in spite of a simultaneous fall in the mean arterial blood pressure to 80 per cent of control. The concentration of halothane was unstated, die dogs being anaesthetized to surgical planes of anaesthesia.
The PAH method measures perfusion of excretory tissue only (Smith, Goldring and Chasis, 1938) and is invalid in the presence of oliguria in the dog (Balint, 1963) and in man (Reubi et al., 1963) . Although it is more reliable in the normally functioning kidney, factors which reduce its validity include variations in urine-flow, rapid changes in plasma PAH concentration, storage of PAH in eidier renal tissue or red blood cells, and impairment of PAH tubular transfer (Selkurt, 1963) . These factors are difficult to stabilize. A further serious drawback to the use of this technique is that clearance values may only be obtained every 10-15 minutes, assuming adequate urinary output. These values would be too infrequent to allow assessment of rapidly-occurring changes in renal perfusion, such as were expected in this study. Fabian, Smith and Carnes (1962) used a direct gravimetric technique to investigate dogs bled by 30 per cent of their total blood volume. They reported a fall in renal blood flow to 54 per cent of hypovolaemic control when an unstated concentration of halothane was administered. Collins and Fabian (1965) extended their normotensive investigation to study renal blood flow in dogs, also bled by 30 per cent blood volume. Haemorrhage caused a reduction in renal blood flow to 71 per cent of the normotensive control, and the subsequent administration of halothane (concentration unstated) then caused a marked increase in renal blood flow to 149 per cent of the posthaemorrhage control value (or 92 per cent of die initial normotensive control value) in spite of a simultaneous fall in mean arterial pressure. These animals, however, were breathing spontaneously, and the authors confirm that their results were obtained under conditions of hypercarbia as well as hypovolaemia. In this respect, it must be noted that renal blood flow varies with Pac 02 and possibly with pH (Emanual, Fleishman and Haddy, 1957; Simmons and Olver, 1965; Kitde, Aoki and Brown, 1965; Bersentes and Simmons, 1967) , and also with extremes of Pa 02 (Korner, 1963; Rennie and Knox, 1964; Cosgrove, 1965; Norman, Irvin and Smith, 1967) .
The concept of vascular resistance (RVR) in die kidney is complicated by the existence of two distinct sets of arterioles, the pre-glomerular or afferent, and the post-glomerular (pre-tubular) or efferent arterioles. Both or either of these arterioles may be contributing to any change in the total vascular resistance.
The assessment of RVR for the whole kidney necessitates measuring the total RBF and the trans-renal pressure difference, i.e. mean renal artery pressure minus mean renal vein pressure; attempts to measure these mean pressures by either catheterization or insertion of an intra-vessel probe is likely to initiate reflex alterations in flow. When considering glomerular or tubular perfusion, one should ideally measure the mean afferent and mean efferent arteriolar pressures, which is technically difficult. The present investigation has measured renal cortical blood flow (RCBF) and in order to assess the relevant simultaneous changes in vascular resistance, one would require to measure the pressure-drop across the cortical vessels underlying the counter, and this is not technically possible. However, in an attempt to derive some information about changes in RVR during halodiane administration, RVR has been arbitrarily calculated as the mean systemic arterial pressure divided by the renal cortical blood flow; mean renal vein pressure has been assumed to be negligible relative to mean arterial pressure. While diis assessment of RVR is open to criticism, it allows some speculation on the changes in vascular resistance of the whole kidney, as RCBF represents 80-90 per cent of total RBF (Thorburn et al., 1963) . The RVR values (mean and SD) have been recorded as percentages of the control values (tables V and IX).
The effect of halothane in the normotensive state. Renal blood flow (RBF) is determined by the relative changes of the two variables, mean arterial pressure (MABP) and renal vascular resistance (RVR). If the fall in RVR is relatively greater than the fall in MABP, then RBF will increase, and vice versa.
The variable effect of halothane on RCBF in the seven individual normotensive experiments ( fig. 5 and table III) must be considered with regard to the relative changes in MABP (table  IV) and RVR (table V). In dogs 1-4, in which RCBF fell, there was a relative rise in RVR, whereas in dogs 5-6, in which RCBF rose, there was a relative fall in RVR.
It would be unjustifiable to attempt to draw firm conclusions from this small number of variable results. Until further experiments are completed, it must be assumed that the normotensive response of renal cortical blood flow to halothane is a variable one.
The effect of halothane in the hypotensive state. Many workers have shown that haemorrhage results in renal vasoconstriction (Lauson, Bradley and Cournand, 1944; Selkurt, 1946; McGiff, 1964; Harper and Bell, 1965; Bell and Harper, 1968) due mainly to increased sympathetic tone, and possibly to increased circulating catecholamines.
The response elicited following halothane administration in the shocked animal can be explained either by a direct action of halothane on the arteriolar smooth muscle, or an indirect action producing the same result by depression of the central nervous system or autonomic ganglia or by reducing the concentration of circulating catecholamines. The changes obtained in many of the hypotensive experiments were too rapid to be explained by an alteration in plasma catecholamines. Halothane is reported to cause a decrease in sympathetic activity (Raventos, 1956 ) and this author stressed the ganglion-blocking properties of halothane, to which he mainly attributes the hypotension. He postulated a varying sensitivity of different ganglia to halothane and he classified them accordingly (Raventos, 1961) , though renal ganglia were not specifically named in the classification. A direct effect of halothane on the adrenergic receptor was also emphasized by Price and associates, 1959, and Black and McArdle, 1962 , who demonstrated reduced receptor responsiveness to noradrenaline following halothane administration. Halothane administration has also been shown to cause increased preganglionic activity (Millar and Biscoe, 1965) , partial ganglion blockade and increased post-ganglionic discharge in rabbits.
It is rational to explain the results of this investigation by concluding that halothane reduces the known increase in sympathetic tone evoked by haemorrhage, or impairs receptor function, thereby reducing renal vascular resistance and allowing renal blood flow to improve towards prehaemorrhage values. This correlates well with similar findings using ganglion-blocking agents (Bell and Harper, 1968) 
